We have used serial electron microscopy and Z&dimensional reconstructions of dendritic spines from Purkinje spiny branchlets of normal adult rats to evaluate 2 questions about the relationships of spine geometry to synaptic efficacy. First, do relationships between spine geometry and other anatomical indicators of synaptic activity suggest that spine size and shape might be associated with synaptic efficacy? Reconstructed spines were graphically edited into head and neck compartments; the area of the postsynaptic density (PSD) was measured; the volume of spine smooth endoplasmic reticulum (SER) was computed; and all of the vesicles in the axonal varicosities were counted. Spine head volume and the volume of SER contained in the head are well correlated with the area of the PSD and the number of vesicles in the presynaptic axonal varicosity. Spine neck diameter does not fluctuate with PSD area, head volume, or the vesicle number. These results suggest that the dimensions of the spine head, but not of the spine neck, are likely to reflect differences in synaptic efficacy. Second, does the geometry of cerebellar spine necks reduce the transfer of synaptic charge to the recipient dendrite from the theoretical maximum that could be transferred if the synapse were on a dendritic shaft2 Comparison of volume to surface area showed that the spine heads are approximately spherical and the necks are approximately cylindrical. Application of results from a biophysical model that assumed these geometrical shapes for spines (Wilson, 1984) showed that the cerebellar spine necks are unlikely to reduce transfer of synaptic charge by more than 5-20% even if their SER were to completely block passage of current through the portion of the neck that it occupies. We suggest that the constricted spine neck diameter might serve to isolate metabolic events in the vicinity of activated synapses Dendritic spines have captured the imagination of neuroscientists since the turn of the century when Ramon y Cajal(189 1, 1911) first described them on Golgi-impregnated neurons and proposed that they might be sites of communication between neurons. With study by electron microscopy, it has been established that spines are indeed major postsynaptic targets of excitatory axonal input (Gray, 1959) . Because of their small size, spines have remained inaccessible to direct study by electrophysiological methods. Therefore, biophysical models have been developed to test the range of possible effects that spines might have on transfer of information between neurons (Chang, 1952; Diamond et al., 1970; Rall, 1970 Rall, , 1974 Rall, , 1978 Camavale and Johnston, 1982; Perkel, 1982/83; Johnston and Brown, 1983; Koch and Poggio, 1983; Kawato et al., 1984; Turner, 1984; Wilson, 1984; Coss and Perkel, 1985; Perkel and Perkel, 1985; Brown et al., 1988) . If spine heads have excitable membrane, then the size of the action potential generated in the spine head is nonlinearly related to the spine neck resistance (Jack et al., 1975; Rall and Segev, 1988) , and groups of neighboring spines might serve logical gating functions Shepherd et al., 1985; Shepherd and Brayton, 1987) . A major conclusion drawn from these biophysical models is that within an optimal range, small changes in the dimensions of the spine neck could have large effects on the amount of synaptic current generated in spine heads (for both passive and active spines) and the amount of charge transferred to the recipient dendrite.
We have used serial electron microscopy and Z&dimensional reconstructions of dendritic spines from Purkinje spiny branchlets of normal adult rats to evaluate 2 questions about the relationships of spine geometry to synaptic efficacy. First, do relationships between spine geometry and other anatomical indicators of synaptic activity suggest that spine size and shape might be associated with synaptic efficacy? Reconstructed spines were graphically edited into head and neck compartments; the area of the postsynaptic density (PSD) was measured; the volume of spine smooth endoplasmic reticulum (SER) was computed; and all of the vesicles in the axonal varicosities were counted. Spine head volume and the volume of SER contained in the head are well correlated with the area of the PSD and the number of vesicles in the presynaptic axonal varicosity. Spine neck diameter does not fluctuate with PSD area, head volume, or the vesicle number. These results suggest that the dimensions of the spine head, but not of the spine neck, are likely to reflect differences in synaptic efficacy. Second, does the geometry of cerebellar spine necks reduce the transfer of synaptic charge to the recipient dendrite from the theoretical maximum that could be transferred if the synapse were on a dendritic shaft2 Comparison of volume to surface area showed that the spine heads are approximately spherical and the necks are approximately cylindrical. Application of results from a biophysical model that assumed these geometrical shapes for spines (Wilson, 1984) showed that the cerebellar spine necks are unlikely to reduce transfer of synaptic charge by more than 5-20% even if their SER were to completely block passage of current through the portion of the neck that it occupies. We suggest that the constricted spine neck diameter might serve to isolate metabolic events in the vicinity of activated synapses
Dendritic spines have captured the imagination of neuroscientists since the turn of the century when Ramon y Cajal(189 1, 1911) first described them on Golgi-impregnated neurons and proposed that they might be sites of communication between neurons. With study by electron microscopy, it has been established that spines are indeed major postsynaptic targets of excitatory axonal input (Gray, 1959) . Because of their small size, spines have remained inaccessible to direct study by electrophysiological methods. Therefore, biophysical models have been developed to test the range of possible effects that spines might have on transfer of information between neurons (Chang, 1952; Diamond et al., 1970; Rall, 1970 Rall, , 1974 Rall, , 1978 Camavale and Johnston, 1982; Perkel, 1982/83; Johnston and Brown, 1983; Koch and Poggio, 1983; Kawato et al., 1984; Turner, 1984; Wilson, 1984; Coss and Perkel, 1985; Perkel and Perkel, 1985; Brown et al., 1988) . If spine heads have excitable membrane, then the size of the action potential generated in the spine head is nonlinearly related to the spine neck resistance (Jack et al., 1975; Rall and Segev, 1988) , and groups of neighboring spines might serve logical gating functions Shepherd et al., 1985; Shepherd and Brayton, 1987) . A major conclusion drawn from these biophysical models is that within an optimal range, small changes in the dimensions of the spine neck could have large effects on the amount of synaptic current generated in spine heads (for both passive and active spines) and the amount of charge transferred to the recipient dendrite.
Other theoretical work suggests that the constricted spine necks might facilitate formation of an electrochemical gradient that attracts charged molecules into the spine head from the dendrite (Horwitz, 1984) , control the diffusion of substances into and out of the spine (Shepherd, 1979) , or enhance the elevation of calcium concentration in the vicinity of activated synapses on spine heads (Gamble and Koch, 1987) . Several anatomical studies have shown that spine morphology is responsive to experimental manipulations and environmental conditions. Many of these studies have used observations from Golgi-impregnated neurons and therefore have been limited by the resolution of the light microscope from making complete measurements of dendritic spines and their associated synapses (e.g., Scheibel and Scheibel, 1968; Schapiro and Vukovitch, 1970; Valverde, 1971; Globus et al., 1973; Ryugo et al., 1975; Rutledge, 1976; Feldman and Peters, 1979; Pysh and Weiss, 1979; Connor et al., 1980; Coss et al., 1980; Rausch and Scheich, 1982) . Other investigators have measured parts of spines in electron micrographs of single thin sections and used stereological procedures to reveal stimulation-induced changes in spine size and/or synaptic area (e.g., Van Harreveld and Filkova, 1975; Moshkov, 1977 Moshkov, , 1980 Lee et al., 1980; Fitkova and Anderson, 198 1; Vrensen and Nunes-Cardozo, 1981; Levy, 1983,1986a, b; Chang and Greenough, 1984; Wenzel et al., 1985; Petukhov and Popov, 1986) . Interpretation of these results has been difficult because most of the spine structure and synaptic area are not visible on a single thin section (Harris and Stevens, 1988) and because of differences in tissue preparation protocols (Desmond and Levy, 1988) .
In order to overcome the limitations of light microscopy and single thin section analysis, spines and synapses have been studied with serial electron microscopy (e.g., Westrum and Blackstad, 1962; Freire, 1978; Spacek and Hartman, 1983; Wilson et al., 1983; Spacek, 1985; Reeves and Steward, 1986; Benshalom and White, 1988) . Tracings of spine parts from sequential electron micrographs were used to depict the spines in 3 dimensions by artistic representations or computer-generated graphical reconstructions and to obtain quantitative measures of some spine features.
We have used serial electron microscopy and computer-assisted reconstruction systems to obtain sufficiently complete and accurate measures ofdendritic spines, their smooth endoplasmic reticulum (SER), synapses, and presynaptic varicosities to begin evaluating 2 questions concerning the possible effects of spine geometry on synaptic efficacy. First, does spine neck constriction serve to partition an appropriate amount of SER and cytoplasm in the vicinity of the synapse, thus providing a mechanism for local metabolic control of the synapse and separation of biochemical events occurring at activated synapses from events occurring at neighboring inactive synapses ("compartmentation" hypothesis)? The word "compartmentation" was chosen instead of "compartmentalization" because compartmentation simply means division into separate sections or units, where compartmentalization suggests division especially into units lacking normal interaction or cooperation. Since we do not know whether neighboring spines might act as electronic or electrically active logical units, compartmentation is used here. Second, is there sufficient variation in spine neck dimensions to suggest that alterations in spine neck resistance could provide a simple mechanism for modulating the transfer of synaptic charge to the recipient dendrite, and hence modulate synaptic efficacy ("resistance" hypothesis)?
Spiny branchlets of cerebellar Purkinje cells were chosen for our first analysis because previous study revealed that these spines were of relatively more uniform shape than spines found in hippocampus (Harris and Landis, 1986) or cerebral cortex (Jones and Powell, 1969; Peters and Kaiserman-Abramhof, 1970) and therefore principles governing spine shape and size might be easier to discern. A subsequent paper will provide a comparative analysis for hippocampal dendritic spines (K. M. Harris and J. K. Stevens, unpublished observations). Preliminary results have been reported elsewhere (Harris et al., 1985; Stevens, 1986, 1988) . pH 7.35,37"C and 4 psi. The brains were left undisturbed in the cranium for 1 hr and then the cerebellum was removed. For the first animal, the whole cerebellum was postfixed in the aldehyde mixture for 2 hr at 4°C and then stored in 0.1 M cacodylate buffer for 2 d. Then it was removed from buffer and sliced sagittally at 400 pm, The slices were washed in cacodylate buffer, soaked for 1 hr in 1% OsO,, washed in cacodylate and acetate buffers, soaked overnight in 1% uranyl acetate at 4"c, rinsed in acetate buffer, dehydrated through graded ethanols, propylene oxide, embedded in Epon, and serially sectioned at silver-gray (0.06 pm) on a Reichert Ultracut E ultramicrotome (series 20). For the second animal, the cerebellum was sliced sagittally at 400 pm, immediately after dissection, These slices were then washed with agitation in buffer, soaked for 1 hr in 1.5% potassium ferrocyanide with 1% OsO,, followed by 1 hr in II 0~0,. Tissue sections were soaked in 30 and 50% ethanol for 10 min each, immersed for 1 hr in 1% uranyl acetate in 70% ethanol at room temperature, dehydrated and embedded in Epon, and serially thin sectioned at silver (about 0.07 pm, series 25). The series identification numbers reflect that these are the 20th and 25th series that have been photographed in the laboratory, including all studies of hippocampus and cerebellum. Both series were mounted on Formvar-coated slot grids (Synaptek) and stained for 5 min with Reynolds' lead citrate. Each grid of each series was mounted in a grid cassette (Stevens and Trogadis, 1984) and stored in a numbered gelatin capsule.
Electron microscopy
The grid cassettes were mounted in rotating stages to obtain consistent orientation of sections on adjacent grids during photography at a JEOL 1 OOB electron microscope. Two segments of Purkinje cell spiny branchlets were photographed at 100 kV and at 10,000 and 15,000 magnification. For the first animal, a segment of spiny branchlet was photographed and analyzed through 42 serial sections. For the second animal, a segment of spiny branchlet dendrite was photographed through 150 serial sections and quantitatively analyzed through 50 serial sections. We chose to photograph these 2 dendritic segments through serial sections instead of selecting a large population of individual spines from different dendrites for 2 practical reasons. First, this approach allowed us to choose a magnification low enough (10,000) to contain the dendrites, all of their associated spines, and their presynaptic axonal varicosities on a single EM negative but high enough to retain excellent resolution of the organelles, vesicles, and postsynaptic densities. By positioning the cross-sectioned dendrite in the very center of the field on each serial section, we could avoid the very tedious process of trying to reconstruct from montaged series. To obtain the same number of spines from a larger population of dendrites would have required photographing several different fields through serial sections or a single field at a very much lower magnification, which would have compromised the accuracy of the reconstructions. This method was unbiased because the properties of dendritic spines in preceding and succeeding sections could not be known, whereas choosing individual spines would be subject to the experimenter's ability to identify portions of spines on single sections.
Three-dimensional reconstructions
The EM negatives were rephotographed onto positive 35 mm filmstrips to create a continuous "movie" of the serial sections (Stevens, 1980; Stevens et al., 1980; Stevens and Trogadis, 1984) . The filmstrip was mounted on a computer-controlled film transport system and viewed through a high-resolution TV camera. To align subjects in adjacent sections, the image in the first section was stored in a frame buffer, and the filmstrip was advanced to the next section where the same subject was viewed "live" with the camera. The live and stored images were flashed back and forth on a high-resolution monitor, and the film transport system was moved until the live image of the subject and all of the surrounding structures were superimposed on the stored images from the adjacent section. The coordinates of the aligned images were then stored by the computer. This process of microalignment was repeated independently for each sectioned portion of the dendrite, all dendritic spines, their SER, their synapses, and their presynaptic axonal varicosities. Once portions of individual subjects were microaligned across
Materials and Methods
Tissue preparation serial sections, a bitpad was used to superimpose the trace on the membrane boundaries or a spot to count individual vesicles in the presynaptic axonal varicosity. To calculate total length of the dendritic segments, a Two male rats of the Long-Evans strain (137 and 3 10 gm) were perfused cursor was positioned in the center of the dendritic profile and lengths through the heart under deep pentobarbital anesthesia with 2% paraadded to retain this central position when passing through aligned adformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer at jacent sections using the MENS program (Stevens and Trogadis, 1984) .
When the tracings were complete, they were stored on floppy disks and transported to the Image Graphics Laboratory (IGL) at Children's Hospital, where programs were developed to read the data structure of the traces so that a modified version of the PANDORA image-analysis system (Pearlstein et al., 1986) could be used to display, edit, and analyze the reconstructions quantitatively.
Graphics editing
The tracings of the dendritic spines were graphically removed at their origins from the dendritic segments and then edited into their heads and necks. The neck was considered to be the portion of the dendritic spine that was of approximately uniform diameter along the length between the spine origin and the inflexion with the head. To discern where to cut the junction between the head and the neck graphically, each reconstructed spine was first rotated about its central axis to view the spine from all angles. Then front (0°) and back (180") views were plotted with hidden lines supressed to serve as guides for editing individual traces of each portion of the spine in each section. Similarly, the SER in each spine was edited into the head and neck portions. The edited spines were replotted with hidden lines supressed to discern that they were correctly edited at the head-neck and neck-dendrite junctions. If these plots revealed editing errors, the spines were re-edited until all junctions were correct. Then spine dimensions were measured and computed as described below.
Computation
of volumes, areas, lengths, and counts Spine neck and head volumes. These were computed by multiplying the area of traced cytoplasm by the section thickness and adding a cross section containing portions of the spines. The boundary areas of spines appear as gray fuzz on sections where spines were cut parallel to their plasmalemma. To compute the volume associated with these spine boundaries, the area ofthe gray fuzz was measured, multiplied by section thickness, and divided by 2, assuming that approximately half of the gray fuzz area is adjacent to cytoplasm. Total spine volume was computed by adding the volumes ofeach ofthe head and neck compartments together.
Total PSD areas. For cross-sectioned synapses, total PSD areas were computed by summing the lengths of the PSD and multiplying by section thickness and the number of sections. For synapses cut en face (i.e., parallel to the PSD), the area of the PSD was measured on the single section in which it appeared. When a synapse was cut obliquely, some portions were cut parallel to the PSD on adjacent sections. A "connector" length was constructed where the edges of the 2 areas overlapped on adjacent sections and multiplied by section thickness to calculate the amount of PSD area crossing obliquely between the 2 adjacent sections. This "connector" area was added to areas cut en face or in cross section along an oblique or curving synaptic surface.
Spine neck length was measured between the dendrite and junction with the head, across serial sections for cross-sectioned necks, and within a single section for longitudinally sectioned necks. Spine head length was determined from the calculation of head diameter described under Biophysical Modeling below. Total spine length was calculated by adding the measured neck length to the calculated head length.
Spine neck diameter was first measured at the thinnest part of the neck using superimposed sections of the neck as guides. The average radius of the neck along its length was also computed from the formula for the volume of a right cylinder, Y = (+h, where V is the measured neck volume and h is the measured neck length. This computed radius was multiplied by 2 to obtain the "calculated" and "effective" diameters in Figure 10 , A and B.
SER and varicosity volumes were calculated in the same way that was described for the dendritic spine volume.
The total number of vesicles in the presynaptic axonal varicosity was computed by counting every vesicle with a membrane and clear center in each section of the varicosity. Since synaptic vesicles are about 0.07-0.08 pm in diameter, a vesicle defined by a clear center should appear in only one section.
Selection of sample fields for comparing PSD areas on reconstructed dendritic spines with PSD areas on other spines in the cerebellar molecular layer The goal of this test was to determine whether the dimensions measured from the reconstructed spines might be extended to a larger population of spines on Purkinje spiny branchlets. We needed a relatively simple and accurate method to sample other spines in the molecular layer. We discovered in our initial analysis that there exists a positive correlation between PSD area on individual dendritic spines and several other spine features. PSDs are easy to recognize and trace through serial sections, and therefore PSD area was chosen as an index of comparison among reconstructed spines and a larger population of spines in sample fields selected from other portions of the cerehellar molecular layer.
Four sample fields were photographed from the same sections as were used for series 20 and 25 to control for possible differences in section thickness that might alter dimensions if they were obtained from other sections. One sample for each series was obtained from a 200 pm2 area surrounding the reconstructed dendrite (adjacent sample), and a second sample was obtained from a 200 pm* area located 40 (series 20) or 200 (series 25) linear microns away from the adjacent sample (distant sample). Both fields for series 20 were located approximately 60 linear pm from the Purkinje cells and for series 25, 150 linear pm from the Purkinje cells. Every spine PSD with a portion located on the central "sample" section was measured through adjacent serial sections on photomicrographs at a digitizing bitpad in the IGL. Since 8 serial sections completely contained the largest spine synapse we have reconstructed, these 4 sample fields were photographed through 20 serial sections to completely contain every PSD with an edge on the central sample section.
To calibrate the bitpad measuring system with measures obtained on the movie reconstruction system, 14 synapses were traced and measured through serial sections on both systems. The synaptic areas measured from photomicrographs on the bitpad were 19% smaller than the traces obtained from the movie reconstruction system. It is easier to follow, identify, and measure PSDs on the movie system, and therefore the discrepancy between these 2 systems is likely to result from missing parts of synapses on the photomicrographs. Therefore, the PSD areas obtained by the bitpad measurements were increased by 19% before comparing PSD areas in the sample fields with those on the reconstructed spines. From these 4 sample fields, an additional 152 spine PSD areas were measured and compared with those from spines reconstructed with the movie system.
Section thickness determination
Initially, section thickness was assumed to be 0.06 or 0.07 pm, based on the interference color of the sections floating on water in the boat of the diamond knife (Meek, 1976) . The Purkinje cell dendrites are approximately cylindrical, so an independent estimate of section thickness could be obtained by measuring the diameters of longitudinally sectioned dendrites at their maxima in single sections and comparing this measured diameter to the number of sections that the dendrite appeared in (see Fig. 5 of Harris and Stevens, 1988) . Section thickness was then calculated as Thickness &m/section) = measured diameter (pm)/ number of sections.
For series 20, the average section thickness from 5 measures was calculated to be 0.06 pm, and for series 25, the average section thickness from 5 measures was calculated to be 0.07 pm, in close agreement with the estimates obtained by interference coloration of the sections.
Biophysical modeling
To test whether cerebellar spine necks are cylindrical, empirical measures of neck lateral surface areas were compared with values that would be predicted for a right cylinder. To compute the predicted neck surface area, the neck radius was first calculated from the measured neck volume (I), where V = (@h and h is the measured neck length. Then this calculated value of the neck radius was substituted into the formula for the lateral surface area (SA) of a cylinder, where predicted SA = 2(T)rh. Average spine neck diameters along this length of cylinder were then computed by multiplying the calculated r value by 2, and this value compared favorably with measured neck diameters.
To test whether cerebellar spine heads are spherical, measured and predicted spine head surface areas were compared. To compute the predicted head surface area, the radius of each head was first calculated from the measured head volume (V'), where Y = 4/3(?r)r3 for a sphere. Then the calculated r was used to determine the predicted surface area, where SA = 4(?r)r* for a sphere. This comparison was used because it was impossible to measure reliably the diameter, and not a chord, of the head. located near a blood vessel (bv). This is section number 27 of the series. Cistemae of smooth endoplasmic reticulum (ser, large arrows) are easily seen in the spines. Arrows indicate all spine parts found to be connected to this dendrite in previous or subsequent sections, and the neck of spine number 37 is cross-sectioned. Scale bar, 1 pm.
Statistical analyses
The RSl statistical package (Bolt, Beranek and Newman, Cambridge, MA) was used to obtain correlations and comparisons described in the Results. For comparisons of mean values, the sample distributions were first tested for normality by the Wilkes-Shapiro test, and then the F test for homogeneity of variance was applied. If these criteria were met, then a parametric t test was used to test differences between mean values. The nonparametric Mann-Whitney U statistic was used for the comparisons if both distributions were not normal and their variance was not homogeneous.
Results
Three-dimensional reconstructions of dendritic segments from Purkinje spiny branchlets One spiny dendritic segment was located approximately 50 pm from the Purkinje cell bodies in the molecular layer (series 20, Fig. 1A ). It was completely surrounded by the parallel axons of the granule cells. The second dendritic segment was located approximately 150 pm from the Purkinje cells and was selected for its location near a blood vessel because it would be one of the first dendrites reached by the diffusing fixative and therefore should be optimally preserved (series 25, Fig. 1B ). The region between the blood vessel and one side of this dendrite had very few granule cell axons.
Asymmetric synapses on dendritic spines of Purkinje spiny branchlets are characterized by a thick postsynaptic density (PSD), a widened cleft with dense staining material, and a presynaptic axonal varicosity filled with round clear vesicles. Nonspiny dendrites of stellate or basket cells (labeled "non" in Fig.  1A ) form similar asymmetric synapses with some of the same axonal varicosities. Each spine has cisternae of SER (Figs. 1, A, B; 2).
Front and back views of three-dimensional (3-D) reconstructions from these 2 dendritic segments illustrate the high density of dendritic spines on Purkinje spiny branchlets (Fig. 2, A, B) . All of the dendritic spines were graphically removed and triangles left at their origins to illustrate the position about the circumference of the dendritic segments. The dendritic segment of series 20 was 2.6 Mm long and had 43 spine origins for a density of 14.3 spines/pm; spines emerged from all sides of the dendrite, though in somewhat irregular patches. The dendritic segment of series 25 was 4.6 pm long and had 54 spine origins for a density of 11.6 spines/pm. Spines emerged preferentially from the side of series 25 facing towards the neuropil, while the side of this dendrite facing the blood vessel had only 2 spine origins (arrow along blood vessel, bv).
Three-dimensional reconstructions of all spines completely contained within these serial sections were graphically edited into their head and neck compartments. Three spines illustrated in Figure 3A show the trend that spines with longer necks tend to have smaller heads than spines with shorter necks (r = -0.4 1, p < 0.0005). A similar editing of the SER into head and neck portions shows how its shape mimics the overall spine shape (Fig. 3B) .
Dimensions of spines, synapses, and axonal varicosities are combined for series 20 and 25, and are summarized in Table  1 . Spines from series 25 had on average 70% larger PSD areas (p < O.OOl), 20% larger head volumes 0, < O.OOS), 59% more SER in the heads (p < 0.001) and 41% more vesicles in the presynaptic axonal varicosities (p < 0.05) than spines of series 20. The neck volume, SER volume in the neck, neck diameters, and neck lengths were not significantly different between series 20 and 25. Complete reconstruction of dendritic spines and their presynaptic axonal varicosities was possible for 64 of the 97 spines originating from these 2 dendritic segments. The SER tracings were incomplete for 3 of the spines. Eleven of the axonal varicosities were shared by more than 1 spine for a total of 53 (see below for discussion of varicosity sharing). The correlation (r) between each spine or axonal dimension and the PSD area on the spine was determined, and the probability of a significant difference (p < 0.05) from zero correlation was tested (Horowitz, 1974) . For both series, the PSD area was positively correlated with the total spine volume (Fig. 4 ) the SER volume, and the number of vesicles in the presynaptic axonal varicosity (Table  1 ). The PSD area was not significantly correlated with any dimension of the spine neck, though longer spines tended to have smaller PSDs (Table 1) . The PSD areas of these 64 reconstructed dendritic spines were not significantly different from the PSD areas of 152 other spines in the 2 adjacent and 2 distant sample fields (see Materials and Methods above for selection of sample fields). Since PSD area is well correlated with some other spine dimensions, this finding suggests that the range of spine dimensions and features ob- tained from these reconstructed dendritic segments is not likely to be unique among Purlcinje cells but overlaps the larger population.
SER of dendritic spines SER is the only organelle consistently found in dendritic spines.
Complete serial reconstructions of this organelle consistently revealed it to be connected to the SER of the parent dendrite (see figs. 19 and 20 of Harris and Stevens, 1988) . The shape of a dendritic spine mimics the overall shape of its contained SER (Fig. 3B) . A tight relationship between spine and SER shape could be studied quantitatively in spines that were sectioned perpendicularly to their long axis, i.e., cross-sectioned. In these 2 series, 12 spines were cross-sectioned and the cross-sectional areas of the spine, SER, and synapse were compared along the length of the spine, beginning with the spine neck origin at the parent dendrite. Graphs for a short spine neck (Fig. 5A) , an average spine neck (Fig. 5B) , and a long spine neck (Fig. 5C ) show a good correlation between spine area and SER area. The correlation between spine cross-sectional area and SER crosssectional area along the length of these spines averaged +0.78 for the cross-sectioned spines, with 11 spines between +0.60 ns Abbreviations: N, number completely contained within the series for a full 3-dimensional reconstruction; r, correlation with synaptic PSD area; p. probability that r is not different from zero; ns, r is not significantly different from zero. and +0.93 and the 12th spine at +0.23. The 12th spine had no maximal in sections containing the synapse, and the average head and was therefore simply a long thin projection with a correlation between synaptic cross-sectional area and SER crosssmall synapse and irregular fluctuations in the spine and SER sectional area for these 12 spines was +0.60. areas along its length. The area of the SER in the spine head is
The SER occupied between 8 and 26% of the total spine neck cytoplasm, and between 5 and 30% of the total spine head cytoplasm. Total spine volume and total SER volume was well correlated for the complete population of 64 reconstructed spines, where larger spines had more SER than smaller spines (Fig. 6 ).
Axonal varicosities presynaptic to dendritic spines Each dendritic spine was found to have only 1 synapse on its head, and usually the presynaptic axonal varicosities of the parallel fibers that formed the spine synapse had only one synapse on them. A relationship of one spine to one axonal varicosity is illustrated by spines 25 and 27 of series 20 in Figure lA , and is graphically reconstructed in Figure 7A . Total spine volume, head volume, and PSD areas were proportional to the total number of vesicles in the presynaptic axonal varicosity (r = +0.43, +0.37, +0.41, respectively; p -C 0.005). Spine neck volume was not significantly correlated with vesicle number (r = +0.06).
Sharing of presynaptic axonal varicosities Some of the axonal varicosities formed more than 1 synapse and shared a contiguous population of vesicles among 2 or more synapses. Of 63 complete axonal varicosities in these 2 series, 17 (27%) were shared by more than one synapse. Most (19%) of the sharing occurred between neighboring spines of the same dendritic segment (Fig. 7, B, C) . Occasionally (6%), axonal varicosities were shared by spine synapses of Purkinje branchlets and shaft synapses of nonspiny dendrites in the same field (Fig.  70) . Rarely (2%), axonal varicosities were shared by spines of different dendrites (not shown).
Dimensions of spines and synapses associated with nonsharing axonal varicosities were compared with those associated with sharing axonal varicosities ( Table 2) . Synaptic area, spine head volume, and the volume of SER in the head were all greater for spines with nonsharing axonal varicosities. Nonsharing and sharing axonal varicosities did not differ significantly in the number of vesicles they contained, therefore, fewer vesicles might be available for each synapse located on a sharing varicosity. Spines associated with nonsharing axonal varicosities had shorter necks than spines associated with sharing axonal varicosities, though the total spine length and neck diameters did not differ significantly between these 2 groups of spines.
Evidence for spine remodeling: branched spines and spines without PSDs Dendritic spines were referred to as "branched spines" if: more than 1 spine emerged from a single protrusion of the dendrite, and this protrusion had dimensions in the range of single spine necks; it contained SER, and it did not contain microtubules, and was therefore not a small dendritic branch. The series 20 dendritic segment had 2 branched spines. One had 5 branches-2 with synapses on their heads (#l and 5) and 3 (#2,3,4) having no PSDs or axonal varicosities, but ending bluntly in astrocytic sheaths (Fig. 8A ). Both branches of the second branched spine in series 20 had no PSDs and ended in astrocytic sheaths. The series 25 dendritic segment also had 2 branched spines. One had 2 branches, both with synapses-one sharing its presynaptic varicosity with an unbranched spine of the same dendritic segment and the other having a nonsharing synapse on one branch and no synapse on the second branch. Together these findings suggest that 1 in 16 (4 of 64) cerebellar dendritic spines might be branched.
The head and neck compartments of branched spines were compared with single spines by graphical editing of each branch and its SER from the common base that protruded from the dendrite (Fig. 8, A, B) . Branches with synapses did not differ significantly from unbranched spines for any spine or axonal varicosity dimension. However, branches with synapses were larger and contained more SER than branches without synapses, though neck diameter and total length did not differ significantly (Table 3) .
Of the 64 complete spines in these 2 series only one unbranched spine had no PSD, though it was apposed to a vesiclefilled axonal varicosity, and its total volume (0.08 pm3), neck length (0.55 pm), and neck diameter (0.19 pm) were within the range of other unbranched spines.
Implications of spine dimensions for the resistance hypothesis Biophysical models that simulate the transfer of synaptic current from spine heads through their necks to the recipient dendrites assume the spine heads to be spherical and the spine necks to be cylindrical. The measured head surface areas of these cerebellar spines deviated from predictions based on spherical assumptions by -9 +_ 10% (Fig. 9A) . The measured neck surface areas of these reconstructed spines deviated from predictions based on cylindrical assumptions by -25 -t 9% (Fig. 9B) . We assumed these deviations from spherical and cylindrical predictions to result from experimental measurement error because Figure 9 . A, Deviation of measured head surface area (S.A.) from spherical predictions is -9 + 10%. The line indicates where empirical and predicted values match. If these spine heads were "oval" shapes or had very uneven contours, the data points would fall to the right of the line, where more surface area would be measured than predicted for a sphere. Since most of the points fall to the left, we assume we have missed some of the surface area associated with these heads (see text). B, Deviation of measured neck surface area (S.A.) from the cylindrical predictions is -25 + 9%. The line illustrates where empirical and predicted values match. Ifthese necks had uneven contours or more surface area/volume than would be predicted for a cylinder, the points should fall to the right of the line.
there is too little measured surface area for the measured volume. Boundary surface areas are the most difficult structures to recognize on the electron micrographs, especially for the small spine necks, and therefore portions might have been missed. We used results generated in figure 7a of Wilson (1984) to test whether the dimensions of these Purkinje spine necks might Figure IO . A, Theoretical percent reduction from maximal transfer of synaptic charge that would occur if the synapse occurred on the dendritic shaft. The spine neck dimensions, assuming that SER has the same resistivity as the spine neck cytoplasm, are superimposed on the theoretical curves. Forty-five spines reduce charge transferred by less than 5%, 17 spines are between 5 and 1046, and 2 spines are above 10% (see text for further explanation). B, Theoretical percent reduction in maximal charge transfer due to spine neck dimensions if the SER membrane is highly resistive. The effective neck diameter was recomputed by subtracting the SER volume from the total neck volume. Forty-four spines reduce charge transfer by less than 5%, 16 spines are between 5 and lo%, and 4 spines are between 10 and 30% reduction.
reduce the amount of synaptic charge reaching the recipient dendrite from the theoretical maximum that would be possible if the synapse had instead occurred directly on the dendritic shaft. The Wilson model used the alpha function (alpha = 50) to simulate a transient synaptic conductance change that reached a peak value of 5 nS on a spherical spine head. (For a detailed discussion of the alpha function, see Wilson, 1984, and Brown et al., 1988 .) Spine membrane resistance of 2000 Q-cm* and cytoplasmic resistance of 100 O-cm were used to calculate peak transfer of synaptic charge for spines varying in diameters from 0.1 to 0.5 pm and lengths of 0.5, 1.5, and 3.0 pm. To generate our theoretical percent reduction curves (Fig. 10, A, B) , the intersection of neck diameters and lengths that would cause 5, 10, and 30% reduction ofpeak current, relative to the asymptotic maximums for shaft synapses, were computed from figure 7a of Wilson (1984) . Our measured spine neck dimensions were then superimposed on these theoretical curves.
If the SER occupying the spine neck were assumed to have the same resistance as the spine neck cytoplasm, then most of these spine necks would cause less than 5% reduction in transfer of synaptic charge (Fig. lOA) . In the worst case, the resistance of the SER membrane would completely block current flow through the SER, and the volume that the SER cistemae occupy in the spine cytoplasm would be unavailable for charge transfer. To test the effect of highly resistant SER membrane, the volume of SER found in the spine necks was subtracted from the total neck volume and the diameter of the necks recalculated for the remaining volume using the cylindrical formula. This calculation revealed a slight increase in the number of spines that would reduce charge transfer (by lo-30%). Even in this extreme case for SER resistance, most of the spines would still cause less than 5% reduction in charge transfer (Fig. 10B ).
Discussion
These results show that dendritic spines of Purkinje spiny branchlets occur at a higher density along the dendrite than has been previously reported (e.g., Palay and Chan-Palay, 1974; Pysh and Weiss, 1979 ; see also Harris and Stevens, 1988 , for discussion of differences in spine densities). Spine size is proportional to the volume of SER they contain, to PSD area on their heads, and to the number of vesicles in the presynaptic axonal varicosity. Spines with larger heads and synapses tend to have shorter necks than spines with smaller heads and synapses. Spines that do not share their presynaptic axonal varicosities tend to have larger heads and synapses than spines that share their axonal varicosities. Some spines are branched and approximately half of the branches have no PSDs or axonal varicosities associated with them. The spine heads are essentially spherical, and spine necks tend to be cylindrical, and therefore these spines are good candidates for modeling the effects that variations in their dimensions might have on the transfer of charge from the synapse to the recipient dendrite.
Spine sample selection continuous microtubules in the dendrites. Differences in spine dimensions between these 2 dendritic segments are not likely to have occurred from nonspecific swelling because the difference was not uniform along the spine; neck dimensions were the same for both series, though heads were on average larger for series 25. Similarly, differences in section thickness estimates for the 2 series does not account for the variation in spine dimensions. It seems possible that the older age of the series 25 rat and/or the more distal location of this dendritic segment might have contributed to the relatively larger spine head dimensions, though an age-related or field-position effect will require further parametric testing.
Selection of 2 dendritic segments photographed through serial sections provided an unbiased sampling of spines, because at the time when the dendrites were chosen for photography on the middle sections of these series, we could not know any of the spine properties that would occur in preceding or subsequent sections. The areas of PSDs on the reconstructed spines overlapped a much larger population of PSDs on spines located in other fields of the molecular layer, supporting the assertion that the reconstructed spines are not unique among Purkinje spiny branchlets, but probably represent a larger population of spines found there.
Complete reconstructions of dendritic segments gave new information about local circuitry. These are the first demonstrations that spines located along a single Purkinje spiny branchlet often share the same population of presynaptic vesicles, which presumably contain excitatory amino acid(s) neurotransmitters (Stone, 1979; Schulman, 1983) . The presence of branched spines, some lacking PSDs, on these untreated, adult dendrites suggests they are normal features of the neuropil and might represent ongoing plasticity or growth and differentiation of spines in adults (cf. Sotelo, 1973 Sotelo, , 1975a Hemdon and Oster-Granite, 1975; Hirano and Dembitzer, 1975; Privat, 1975; Hillman, 1982a, b, 1985; Hirano, 1983) . It is unlikely, however, that the cerebellar branched spines represent the splitting of single synapses and division of a single spine because the heads of a single-branched spine are widely separated in the neuropil and do not share the same presynaptic axonal varicosity (NeitoSampedro et al., 1982) .
Relationships between spine geometry and anatomical indicators of synaptic ejicacy We have obsesrved that larger spine heads are associated with more SER, larger synapses, and more vesicles in the presynaptic axonal varicosity. As synapses are larger and the presynaptic varicosity has more vesicles, synaptic transmission is presumed to be more effective. We propose that growth of the spine head parallels growth of the PSD and associated SER in response to The detailed description of spines from 2 dendritic segments enhanced synaptic efficacy. A greater synaptic efficacy could located in the cerebellar cortex of 2 different rats seemingly result in more rapid influx of ions and possibly a higher conrepresents a description of a very small sample of the extensive centration of ions in the spine head near to the synapse (Gamble population of dendritic spines located there. Both rats were and Koch, 1987) . Electron microscopic microanalysis and oxsexually mature adults but were of different weights and were alate precipitation have shown that SER contains calcium, and subjected to different fixation protocols. The segment of series it has been proposed that this organelle might act as a final site 20 was specifically selected for its location in the middle of dense to buffer the spine cytoplasm from high concentrations of calneuropil, where it was surrounded by the parallel fiber axons.
cium (Gray and Guillery, 1963; Westrum et al., 1980 ; Burgoyne The dendritic segment of series 25 was specifically selected for et Fifkova et al., 1983; Andrews and Reese, 1986 ; its location near a blood vessel, possibly enhancing the quality Andrews et al., 1987) . Alternatively, calcium might be released of fixation. Both series showed excellent quality of fixation as from the SER to cooperate with ion influx during synaptic transjudged by continuous plasmalemmas, unswollen mitochondria, mission and facilitate activation of proteins, such as actin or well-preserved and continuous SER, and well-preserved and calcium-dependent calmodulin, in the spine (Henkart, 1980 ; 3-D Reconstructions of Cerebel l ar Dendritic Spi nes Crick, 1982; Gray, 1982; Filkova and Delay, 1982; Katsumaru et al., 1982; Matus et al., 1982; Landis and Reese, 1983; Markham and Filkova, 1986; Brown et al., 1988 , for further review). Either of these possible functions might involve the growth or swelling of SER in the spine head in response to enhanced synaptic efficacy. Differences in spine neck diameters do not parallel differences in spine head volume, head SER volume, PSD area, or the number of vesicles in the axonal varicosity. Neck diameters are the same for spines with large or small heads, with large or small PSD areas, and with axons containing many or few vesicles. Neck diameters are the same for spines with nonsharing or sharing axonal varicosities. Neck diameters do not differ on branches of branched spines with or without PSDs, though the absence of PSDs is associated with less total branch volume and less SER. These observations suggest that spine neck diameter is not strongly influenced by activity level at the synapse on the spine head.
Involvement of organelles in spine creation and shape control and the spine neck to be cylindrical. Our empirical measures support these geometrical assumptions for dendritic spines of the Purkinje spiny branchlets.
The plasma membrane resistance and cytoplasmic resistance have been assumed to fall in the range measured from cell somas and dendrites because direct measurement of intrinsic spine characteristics has been impossible. Measurement of synaptic conductance changes that occur at individual spine synapses has also been impossible, though biophysical modeling shows that the range of effect that spine dimensions have on total charge transferred to the dendrite is nonlinearly related to the magnitude of conductance changes that occur at the synapses (e.g., Koch and Poggio, 1983; Wilson, 1984; Rall and Segev, 1988) . Therefore, our application ofthe Wilson model to these Purkinje spines must be considered a preliminary strategy to test whether the dimensions of a population of spines are likely to influence transfer of charge to the recipient dendrite. If the values of synaptic conductance (5 x 1O-9 S), time to peak conductance (l/alpha, alpha = 50) specific membrane resistance (2000 Q-m2), and cytoplasmic resistivity (100 Q-cm) used in the Wilson model Research over the last 2 decades has shown that an internal are within the range that normally occurs at Purkinje dendritic "cytoskeleton,"
consisting of neurofilaments (NF), microtubules spines, then we could conclude from our measurements that the (MT), and a subcellular matrix is in some way responsible for spine neck dimensions are unlikely to reduce transfer of synaptic control of neurite shape (for review, see Stevens et al., 1988) .
charge by more than 20% even if the SER membrane is highly Through a combination of experimental methods and computresistant. Further analysis will be required if the intrinsic charer-assisted serial electron microscopy, this cytoskeleton concept acteristics of these spines or the size of synaptic conductance has been further elaborated (Ellias and Stevens, 1980; changes that occur at their synapses are grossly different from al., 1983; Sasaki-Sherrington et al., 1984; those used in the Wilson model. 1986a, b) . These studies conclude that, in addition to the miIfthese theoretical predictions are correct, lengthening or thincrotubules and neurofilaments, organelles such as mitochondria ning of the spines with parallel fiber activation could produce and SER may control the assembly of cytoskeletal elements, as as much as 80% reduction in synaptic transmission, whereas well as contribute to the control of neurite shape.
shortening and widening of most of these necks would result in Sasaki-Sherrington et al. (1984) first noticed that organelles less than 10% enhancement of synaptic transmission. Therefore, always had an additional cytoplasmic volume associated with these cerebellar spine necks are positioned on the theoretical them. This extra cytoplasmic volume was present in direct procurves where participation in the reduction of synaptic efficacy portion to the volume of the organelle itself and was called an could occur by thinning or lengthening of the spine necks, but "obligatory volume." The relationship was initially noticed in no change in neck geometry would significantly enhance transfer retinal AI1 amacrine cells and has since been extended to several of charge to the recipient dendrite. other cell types (see Stevens et al., 1988, for review) . These cells Repeated and conjunctive stimulation of climbing fiber and have neurites with large prominent varicosities. When reconparallel fiber inputs to Purkinje cells results in a decrement of strutted at the EM level, it became clear that, without exception, postsynaptic response to the parallel fiber input (Ito et al., 1982 ; each varicosity contained a mitochondrion and, conversely, each Ito, 1984 Ito, , 1985 and behavioral habituation of the nictitating mitochondrion was associated with a varicosity. In addition, membrane response (Thompson, 1986) . If alterations in cerethere was a good relationship between organelle volume and the bellar spine geometry are associated with these reductions in total synaptic surface area found on the varicosity. synaptic efficacy or behavioral response, then stimulated PurThe good correlation between dendritic spine volumes and kinje spines should be longer and thinner (i.e., more resistive) their associated SER volumes is surprisingly similar to the result than unstimulated spines (Ito et al., 1982; Ito, 1984 Ito, , 1985 . In reported for dendritic varicosities (Sasaki-Sherrington et al., contrast, during hibernation, a time when activation of Purkinje 1984). Our data also show a very good correlation between the cells is likely to be low, the dendritic spines appear to have spine SER volumes and synaptic area on the spines. Thus, it may be that dendritic spines are specialized organelle-containing compartments suited to support synapses, like dendritic varicosities.
Influence of spine neck geometry on resistance to synaptic transmission In the more than 30 years since Chang (1952) first proposed that changes in spine neck dimensions could modulate synaptic efficacy, many biophysical models have supported similar views (Diamond et al., 1970; Rall, 1970 Rall, , 1974 Rall, , 1978 Perkel, 1982/ 83; Koch and Poggio, 1983; Kawato et al., 1984; Turner, 1984; Wilson, 1984; Perkel and Perkel, 1985) . For mathematical purposes, these models have assumed the spine head to be spherical swollen heads on short necks in Golgi preparations of the ground squirrel cerebellum (Boycott, 1982) . Paradoxically, deafferentation or noninnervation of Purkinje spiny branchlets results in long, thin, and frequently branched spines, often with PSDs, but no presynaptic axons (Sotelo, 1973 (Sotelo, , 1975a Hemdon and Oster-Granite, 1975; Hirano and Dembitzer, 1975; Landis and Reese, 1977; Hillman, 1982a, b, 1985; Taveres et al., 1983) . Surely these noninnervated spines are not being highly activated by axonal input to cause elongation. Perhaps cerebellar spines continue to elongate and branch until they establish an effective synapse with a presynaptic partner. Then an activitydependent regulation of spine shape and size, SER volume, and PSD area might ensue.
This pattern of response decrement that occurs at Purkinje cells contrasts with hippocampal cells, where repeated stimulation of their axonal input results in long-term potentiation (LTP) of the physiological response. Results from anatomical studies of single thin sections from stimulated hippocampus have been interpreted to suggest that spine necks swell and shorten, heads become rounder or conversely, more concave, and PSD area increases (Van Harreveld and Filkova, 1975; Moshkov et al., 1977 Moshkov et al., , 1980 F&ova and Anderson, 1981; Lee et al., 1981; Desmond and Levy, 1983 Chang and Greenough, 1984; Wenzel et al., 1985; Petukhov and Popov, 1986 ) Other hippocampal studies suggest that short and stubby spines can mediate LTP and that spine neck shortening and widening is not necessary for LTP (Reeves and Steward, 1986; Harrisetal., 1987 Harrisetal., , 1988 .Ifspineneckconstrictionserves to restrain biochemical products of LTP to activated synapses, then spine geometry could act to confer specificity of LTP to the locus of LTP induction (Brown et al., 1988) .
Complete 3-dimensional reconstructions of dendritic spines and biophysical modeling should help to resolve whether spine geometry changes sufficiently, and in the appropriate directions, to be involved in depression of cerebellar response or enhancement of hippocampal response following repeated activation of synaptic inputs. Specific modeling of diffusion through dendritic spines will be required to determine whether spines with the dimensions reported here are likely to restrain various proteins and/or ions to the heads of selectively activated spines (Shepherd, 1979; Gamble and Koch, 1987; Brown et al., 1988) . If compartmentation is an important function of spine necks, then we would expect that changes in synaptic efficacy would not alter the diameter of existing constricted spine necks, but rather influence the dimensions of the spine head and SER volume, the features we have seen here to fluctuate across adult cerebellar spines of differing morphologies.
